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Abstract
     ＊ 独立行政法人　防災科学技術研究所　兵庫耐震工学研究センター
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Piping systems used for an extended period may develop degradations such as wall thinning or cracks due to aging.
In this study, pipe element tests and piping system tests for pipes with wall thinning were conducted to clarify the
failure behavior of such piping systems under seismic events. The pipe element tests consisted of displacement-
controlled cyclic bending tests on elbows, while the piping system tests were shake table tests for simply-designed
piping system models. Through these tests, the failure modes of pipes with wall thinning were obtained under several
loading and wall thinning conditions, while the characteristics of the failure behavior of thinned wall pipes under
severe cyclic load was ascertained. In addition to these experiments, elastic-plastic FEM analyses were conducted.
The purpose of the analyses was to produce a reliable analytical model to reproduce the experimental results, and to
establish a method for the life estimation of thinned wall pipes based on the analytical result. As a result, failure areas
were identified and their life estimation obtained at an accuracy of 1/2 - 2 times that of the experimental results for
pipe elements. The failure areas were in general well predicted through analyses of the piping systems, although the
error concerning their life estimation was large in some cases.
Key words : Aging degradation,   Piping system,   Wall thinning,   Seismic load,   Shake table test,   FEM analysis,
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関する研究プログラム（Piping and Fitting Dynamic Reliabil-






















































































































































































（注）文献 1 )は，防災科学技術研究所ホームページで P D F ファイルのダウンロード可能．
        http://www.bosai.go.jp/library/pub/technical_note/tec_note1.htm
    製本版については著者に問い合わせのこと．
表 2.2.1-1   鋼材の化学組成
Table2.2.1-1  Chemical composition of materials.
表 2.2.1-2　  鋼材の機械的性質






































































(a) 50% thinned wall specimen (EC01 - EC06)
(b) 75% thinned wall specimen (EC07)
(c) 25% thinned wall specimen (EC08)
(d) 60% thinned wall specimen (EC09)
図 2.2.1-1　減肉試験体の形状
Fig.2.2.1-1   Geometry of the specimens with wall thinning.
図 2.2.1-2　健全試験体の形状
Fig.2.2.1-2   Geometry of the specimens without wall thinning
                  (EA01 & EA02).
Material C Si Mn P S 
STS410  (EC01～EC04) 0.21 0.18 0.73 0.01 0.006 
STS410  (EC05～EC09, EA01, EA02) 0.20 0.24 0.43 0.019 0.002 
 
Material  y[MPa]  u[MPa] El.[%] 
STS410  (EC01～EC04) 345 509 41 
STS410  (EC05～EC09, EA01, EA02) 312 470 38 
 




















































Table size 14.5m ×  15.0m  
Driv ing system  
Electro   hyd raulic se rvo  con tro l  
system 
Table control method Disp lacemen t con trol 
Shaking  direct ion Horizon tal (one d irection ) 
Exci tation fo rce 3,600kN (900kN × 4) 
Max. loading capacity 5 ,000kN 
Max. d isp lacement ± 220mm 
Max. ve locity 75 cm /sec 
Max. accelerat ion 
0.55G (with 5 ,000kN model)  
／ 2.2G(without model) 
Frequency range DC   50Hz 
Inpu t wave type 
S inuso ida l wave ,  Random wave, 
Earthquake wave 
 
表 2.2.1-3　  振動台諸元












Fig.2.2.1-3   Four-point bending test equipment.
(a) Sinusoidal wave
(b) Random amplitude wave
図 2.2.1-4　入力変位波形



















































EC07 0.75 t 
EC08 0.25 t 
EC09 
STS410 








STS410 312 470 157 
No 
defect 
0 0 11 
*  t  denotes the normal pipe thickness 
(3) 減肉量 75%，内圧 11MPa（EC07）















Buckling deformation Circumferential crack
Circumferential crack Longitudinal crack
表 2.2.1-4　  直管要素試験　試験体一覧
Table 2.2.1-4   Specimens for straight pipe element tests.
図 2.2.2-1　ラチェットによる減肉部分の変形
　　　　　（EC05，内圧あり 50%減肉試験体）
Fig.2.2.2-1   Deformation at thinned wall part caused by ratchet
                    (EC05, 50% thinned wall with internal pressure).
図 2.2.2-2　減肉部分での局所座屈変形
         （EC06，内圧なし 50%減肉試験体）
Fig.2.2.2-2   Buckling deformation at thinned wall part
                    (EC06, 50% thinned wall without internal pressure).
図 2 .2 .2 -3　周方向および軸方向き裂とラチェット変倦
　　　　  （EC07，内圧あり 75%減肉試験体）
Fig.2.2.2-3   Circumferential and longitudinal cracks and ratchet
                     deformation
                       (EC07, 75% thinned wall with internal pressure).
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3D_A01 STPT370 302 473 158 10 No defect --- --- 
3D_C01 
FSGP Elbow 
(Elbow 1 & Elbow 2) 
/ STPT370 
(Ordinary part) 
351 452 151 




















Depth : 0.48 t*2 
Elbow 2 
*1 Value at defected part 
*2  t  denotes the normal pipe thickness 
図 2.3.1-1　立体配管系試験　試験体形状
Fig.2.3.1-1   3-D piping model for piping system test.
図 2.3.1-2　減肉エルボ周りの加工形状
Fig.2.3.1-2   Cross section of thinned wall elbows in longitudinal
















* Weights of model are modified from reference1), based of the recalculation
   results of weights really used.
表 2.3.1-1　　立体配管系試験　試験体一覧
Table 2.2.1-4   Test models for 3-D piping system tests.






















































図 2.3.2-1に 3D_A01のエルボ 1の破損状況を示す．





1st mode: 2.74Hz 2nd mode: 7.21Hz 3rd mode: 10.16Hz
図 2.3.1-3　立体配管系試験体の振動モード

















































(a) Time history of input acceleration
(b) Response spectrum (h: damping ratio)
図 2 .3 .1 -4　試験で使用した狭帯域ランダム波
Fig.2.3.1-4  Narrow band random wave used for the piping system





















































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   









































































Fig.2.3.2-1   Fatigue crack at Elbow1, 3D_A01.
図 2.3.2-2　3D_C01　エルボ 1における疲労き裂
Fig.2.3.2-2   Fatigue crack at Elbow1, 3D_C01.
(a) S047 side
(b) S043 side
図 2.3.1-3　3D_C02 エルボ 1における疲労き裂
         （両側に発生）
Fig.2.3.1-3  Fatigue crack at Elbow1, appeared on the both side of
                    the elbow, 3D_C02.
図 2.3.1-4　3D_C03 エルボ 2における疲労き裂










































































図 2.4.1-1  FEM 解析に用いたメッシュ図
Fig.2.4.1-1  Finite element mesh subdivision.
図 2.4.1-2  解析に用いた材料特性
Fig.2.4.1-2   Material property for the analysis.









(a) Analysis(  =90deg. - 270deg.)
(b) Experiment
図 2.4.1-3　EC05の変形比較
Fig.2.4.1-3  Deformation comparison of EC05.
 
Loading point








































(a) Analysis. (b) Experiment.
図 2.4.1-4　 EC05の荷重変形関係







































(a) Analysis. (b) Experiment.
図 2.4.1-5　 EC05における荷重点反力の履歴




















































































(a) Solid model (b) Shell model
(a) Solid model (b) Shell model
図 2.4.1-8　 EC05における Solidモデルと Shellモデルの荷重変形関係
Fig.2.4.1-8    Load-deformation curves of EC05 obtained by Solid and Shell models.
図 2.4.1-9　 EC05における点 Bのひずみ履歴
Fig.2.4.1-9   Strain histories of EC05 at Point B.
 
図 2.4.1-7　Shellモデルにおけるメッシュ図














































































Max. response disp. 
Bending angle 
Ratio of these values 
Relationship between 
bending angle and 
dissipation energy 
Vibration energy and dissipation 
energy of piping system 
 
Equivalent damping ratio 
 
Relationship between the max. 
response displacement and the 
equivalent damping ratio 
Relationship between the damping ratio and 
the max response displacement 
Prediction of  
elastic-plastic response 
 of piping system 
図 2.4.2-1　AP研究において提案した弾塑性応答予測法の
          手順
Fig.2.4.2-1    Procedure of elastic-plastic prediction method proposed















































Fig.2.4.2-2   Elastic-plastic response prediction.
図 2.4.2-3　等価減衰比予測結果











































Material C Si Mn P S 
STS410 
(ELB01-ELB04) 
0.17 0.20 0.50 0.01 0.002 
STS410 
(ELB05, ELBI_01, ELBO_01, 
 ELBO_02, ELBM_01) 











362 553 32 
STS410 
(ELB05, ELBI_01, ELBO_01, 
ELBO_02, ELBM_01) 



















表 3.2.1-1　   鋼材の化学組成
Table 3.2.1-1   Chemical composition of materials.
表 3.2.1-2　   鋼材の機械的性質
Table 3.2.1-2   Mechanical properties.
図 3.2.1-1　曲管試験体の概要
Fig.3.2.1-1   Geometry of the bend pipe specimens.
図 3.2.1-2　軸方向減肉加工形状
Fig.3.2.1-2      Cross section of thinned wall elbows in longitudinal





(b) 50% full circumferential (c) 50% partial (d) 70% partial
図 3.2.1-3　周方向断面形状





















(b) Dimension of the test equipment and the specimen
図 3.2.1-4  両端ピン支持型面内曲げ試験用載荷装置
Fig.3.2.1-4    Test equipment for In-Plane bending






















(b) Out-of-plane (c) In-plane + Out-of-Plane
(b) Dimension of the test equipment and the specimen
図3.2.1-5  一端固定型　面内および面外曲げ試験用載
          荷装置
Fig.3.2.1-5   Test equipment for In-Plane and Out-of-Plane bend

















































(a) Sinusoidal wave with 5 cycles
(b) Sinusoidal wave with 20 cycles
図 3.2.1-6  入力変位波形





























Fig.3.2.1-7   A schematic illustration of the way to determine the
                    collapse load level and the input displacement.
表 3.2.1-3    曲管要素試験　試験体一覧
Table 3.2.1-3    Specimens for bend pipe element tests.
Load-deflection curve of the elbow
without wall thinning
















Pc : Collapse Load Level
 c : Determined input displacement
Name Material 














10 ～ 7 
ELB03 50% partial 





I Pin - Pin 
10 
70 
ELBI_01 No defect I 185 









I + O 
















































B1 - B1 B2 - B2 
















: Axial, Hoop, and 45deg between axial and hoop
: Axial and Hoop






















L : Load Cell




(a) Measurement points of specimens for In-Plane bending (ELB01-ELB04)
図 3.2.1-8   曲管要素試験体計測点（1/3）























































B1 - B1 B2 - B2 
















: Axial, Hoop, and 45deg between axial and hoop
: Axial and Hoop






















L : Load Cell






(b) Measurement points of specimens for In-Plane bending (ELB05 and ELBI_01)
図 3.2.1-8  曲管要素試験体計測点（2/3）























































B1 - B1 B2 - B2 
















: Axial, Hoop, and 45deg between axial and hoop
: Axial and Hoop






















L : Load Cell





(c) Measurement points of specimens for In-Plane bending (ELBO_01, ELBO_02, ELBM_01)
図 3.2.1-8   曲管要素試験体計測点（3/3）


































































針 1 ) で規定されているよりも高い負荷条件で試験を
図 3.2.2-1　 曲管脇部軸方向疲労き裂
          （ELB01，浸透探傷試験結果）
Fig.3.2.2-1     Fatigue failure at a flank of the elbow




図 3.2.2-2  ラチェット変形を伴う局所座屈の発生および
          き裂貫通
Fig.3.2.2-2   Fatigue and buckling failure accompanied with ratchet
                    deformation.
図 3.2.2-3　ラチェット変形部分の周方向き裂
           （ELB04，浸透探傷試験結果）
Fig.3.2.2-3    Fatigue cracks in circumferential direction at ratchet
                    deformation (ELB04, the penetration test result).







   














































































































































































































































































































(a) ELB01 (b) ELBI_01 (c) ELB02
(d) ELB03 (e) ELB04 (f) ELB05
図 3.2.2-4　面内曲げを行った試験体の外径変化率
Fig.3.2.2-4    Diameter deformation ratio of specimens subjected to In-Plane bending.




















































































































































































































    
        
  





        
  
1M P l  
(a) ELBO_01 (b) ELBO_02 (c) ELBM_01
図 3.2.2-5　面外曲げまたは面内＋面外曲げ試験を行った試験体の外径変化率
Fig.3.2.2-5    Diameter deformation ratio of specimens subjected to Out-of-Plane or In-Plane & Out-of-Plane bending.
(a) ELB01 (No defect) (b) ELB05 (50% full circumferential)
(c) ELB03 (50% partial) (d) ELB04 (70% partial)
図 3.2.2-6　面内曲げ試験の回転角 - 曲げモーメント関係（入力 70mm 1回目）












































































































(a) In-plane bending by Pin - Pin type test equipment
(b) In-plane or/and Out-of-plane bending by Pin - Fixed support
       type test equipment
図 3.2.2-7　 各曲管載荷装置における曲げモーメントおよび
           変形角の換算関係
Fig.3.2.2-7      A schimatic illustration of bending moment and elbow
                     deformation angle according to the type  of test
                      equipments.





図 3.2.2-8　 破損が生じたときの回転角 - 曲げモーメント
           関係
Fig.3.2.2-8     Relation between rotation angle and bending moment
                      at failure.

































































































































































































































































































Fig.3.2.2-9   Strain time histories of ELB03 at 1st elastic-plastic cyclic load.
























































































































































































































































































































































































図 3.2.2-11　 ELBO_01　弾塑性載荷 1回目のひずみ履歴
Fig. 3.2.2-11    Strain time histories of ELBO_01 at 1st elastic-plastic cyclic load.

















































































































































































: Strain gauge damaged
図 3.2.2-12　  ELBO_02　弾塑性載荷 1回目のひずみ履歴


















































































































































































: Strain gauge damaged
図 3.2.2-13　 ELBM_01　弾塑性載荷 1回目のひずみ履歴
Fig. 3.2.2-13    Strain time histories of ELBM_01 at 1st elastic-plastic cyclic load.














明確な凹凸が発生していた 50Aの配管（配管 B）と 200A
の配管（配管E）について，外観調査と板厚計測を実施し


































































































































: Strain gauge damaged
(a) ELB03 (b) ELB05
図 3.2.2-14　ELB03と ELB05の載荷に伴うひずみ振幅の変化
Fig.3.2.2-14   Strain amplitude transition of ELB03 and ELB05.
表 3.3.1-1　  入手した実在減肉配管一覧
Table 3.3.1-1    List of pipes with wall thinning produced by the actual corrosive environment.
図 3.3.1-1　入手した実在減肉配管
Fig.3.3.1-1    Obtained pipes with wall thinning produced by









































(Water and/or steam) 
23 years 

















































(a) Outer surface (b) Inner surface
図 3.3.1-2　配管 B（50A）の外観および内面状態
Fig.3.3.1-2   Outer and inner surface of Pipe B (50A).
(a) Outer surface (b) Inner surface
図 3.3.1-3　配管 E（200A）の外観および内面状態
Fig.3.3.1-3   Outer and inner surface of Pipe E (200A).
図 3.3.1-4　配管 Bの超音波板厚計測結果
Fig.3.3.1-4   Wall thickness of Pipe B measured by ultrasonic meter.
図 3.3.1-5　配管 Eの超音波板厚計測結果
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6.5* mm 60 
Fatigue crack in the 





wall thinning  
7.8** mm 
Twist 9.8 MPa ｱ195mm 
128 
Fatigue crack in the 
circumferential 
direction at the end of 
the ratchet deformation 
* Minimum wall thickness measured by the ultrasonic method 
表 3.3.2-1　  実在減肉配管および模擬減肉配管の試験条件および結果
Table3.3.2-1      Test conditions and results of the actual and modified wall thinning specimens.
図 3.3.2-1　 実在減肉配管および模擬減肉配管試験体の形状
Fig.3.3.2-1    Geometry of the actual and modified wall thinning
                      specimens.
(a) AEC_01 (b) MEC_01
図 3.3.2-2　実在減肉配管および模擬減肉配管試験の破損状
           況
Fig.3.3.2-2   Failure mode of the actual and modified wall thinning


























































































































(a) Out-of-plane bending type model (b) In-plane and out-of-plane bending type model
図 4.2-1　立体配管系振動試験　試験体形状（平成 16年度・平成 17年度）





1st mode: 2.52Hz 2nd mode: 7.36Hz 3rd mode: 11.18Hz







Fig.4.2-2  Vibration modes of the out-of-plane bending type model.
図 4.2-3　面内＋面外曲げ試験体の振動モード
Fig.4.2-3   Vibration modes of the in-plane and out-of-plane bending type model.
表 4.2-1　 立体配管系試験　試験体一覧
Table 4.2-1  Test models for 3-D piping system test.































Depth : 0.48t 
Elbow1 
Out-of-plane 10 






















*1. From the data of mill sheets. Sm was obtained by min(2/3Sy,1/3Su).
*2. 't' denotes the normal wall thickness of the pipe.
*3 Material properties of FSGP used for 3D_C12 were not described in mill sheets. Only tensile stress is prescribed by JIS code, and it has 
to be over 290MPa for FSGP. 
*4 From the results of material testing 
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Primary stress [MPa] 
Model 
Bending direction 
of Elbow1 Elbow1 Elbow2 
3D_A01 In-plane 2021 1671 
3D_A11 Out-of-plane  2157 2733 
3D_A21 































Fig.4.2-7   Measurement section of the pipe diameter.
(a) Section in circumferential direction
(b) Diameter measured section in axial direction
表 4.2-2　  エルボに生じる一次応力
　　　　　 （1Gの応答スペクトル解析結果）
Table 4.2-2    Primary stress at each elbow









































For Elbow1 : a-a  : S030
                     b-b  : S040
                     c-c  : S050
For Elbow2 : a-a  : S080
                     b-b  : S090




































: Pressure meter 
: Strain gauge (45deg between axial and hoop) 
: Strain gauge (Hoop) 
: Strain gauge (Axial) 









Laser displacement sensor 
 
図 4.2-4　面外曲げ試験体　計測点位置
Fig.4.2-4   Measurement points of the out-of-plane bending type model.
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: Strain gauge (Hoop)































































図 4.3-1　3D_A11 エルボ 2浸透探傷試験結果
Fig.4.3-1  Penetration test result of Elbow2, 3D_A11.
図 4.3-2　3D_C12 エルボ 1溶接部近傍に生じた未貫通き裂
　　　　 （1,850Gal 1回目加振後）
Fig.4.3-2   Surface crack beside the weld line of Elbow1, 3D_C12
                 (after 1,850Gal_#01).
図 4.3-3　3D_C12の損傷状況（エルボ 1）
Fig.4.3-3   Failure mode of 3D_C12 (Elbow1).
図 4.3-4　3D_C22 エルボ 1溶接部近傍に生じた未貫通き裂
       （1,400Gal 2回目加振後）
Fig.4.3-4   Surface crack beside the weld line of Elbow1, 3D_C22
                 (after 1,400Gal_#02).
図 4.3-5　3D_C22の損傷状況（エルボ 1）
Fig.4.3-5   Failure mode of 3D_C22 (Elbow1).














































Table 4.3-1  Test results of 3-D piping system test.
Condition of defect 
Contents of the excitation test 




(f) and damping 
ratio (h) at 1st 
mode*2 








300 - 700 4 
1400 2 
3D_A11 No defect - 
f =2.77 [Hz] 
h =0.0233 
1850 20 
* Failure did not occur after repeating 
the excitation test 20 times at 
1850Gal input acceleration. 
* A number of small surface cracks 












f =2.69 [Hz] 
h =0.0239 
1850 2 
* Crack penetrated at the side of the 
weld line of Elbow1 
* A remarkable ratchet deformation 
occurred at Elbow1. 





300 - 700 4 
1400 2 
3D_A21 No defect - 
f =2.83 [Hz] 
h =0.0169 
1850 20 
* Failure did not occur after repeating 
the excitation test 20 times at 
1850Gal input acceleration. 
* Cracks were not observed at 











f =2.68 [Hz] 
h =0.0166 
1850 1 
* Crack penetrated at the side of the 
weld line of Elbow1 
* A remarkable ratchet deformation 
occurred at Elbow1. 
* Cracks were not observed at 
Elbow2. 
*1. 't' denotes the normal wall thickness of the pipe  
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(a) 3D_A01 (In-plane bending)
(b) 3D_A11 (Out-of-plane bending)
図 4.3-6　エルボ 1，エルボ 2まわりの作用モーメント
Fig.4.3-6   Applied moment around Elbow1 and Elbow2.






































































Primary stress* [N/mm2] 
 
Elbow1 Elbow2 
Input acc. when the 
weakest elbow reaches 












185Gal (at Elbow1) 
* Under the assumption of fictitious elasticity 
 Model name Thinned wall elbow Natural frequency at the1st mode 
3D_A01 (Sound) 2.78 Hz 
3D_C01 Elbow1 and Elbow2 2.42 Hz 
3D_C02 Elbow1 2.55 Hz 
In-plane bending type 
model 
3D_C03 Elbow2 2.62 Hz 
3D_A11 (Sound) 2.77 Hz Out-of-plane bending type 
model 3D_C12 Elbow1 2.69 Hz 
3D_A21 (Sound) 2.83 Hz In-plane and Out-of-plane 



































Fig.4.3-7   Relation between input acceleration and response
                 acceleration at Elbow3.
表 4.3-2　実験結果から求めた 1,850Gal入力時のエルボの
         一次応力
Table 4.3-2 Applied primary stress at the elbows at 1850Gal input
                  acceleration calculated by the test result.
表 4.3-3　 立体配管系試験体　一次固有振動数一覧



























































Fig.4.3-8   Diameter deformation ratios of 3-D piping system models.
図 4.3-9　減肉試験体　エルボ 1の外径変化率
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れ用いた．配管要素試験のモデル化には ABAQUS の Shell
要素 S4R を使用し，メッシュ作成において，エルボ部の周







ヤング率 E = 203GPa 
ポアソン比    0.3 
降伏応力   y =424MPa 
















































                 (5.2-4) 
上式においてεf は累積ひずみ量，εf0 は供試材の真破断
延性を表す．εf0については次式で示される単調引張試験で






100ln0f              (5.2-5) 
なお本解析で用いた真破断延性εf0 の値は原子力発電技




1  fd DD                (5.2-6) 
  nfD                   (5.2-7) 
上式において nは定数を示す．鵜戸口 3)の見解及び朝田 4)
らの試験結果に基づけば，一般的な鉄鋼材料の Dfは，ηを
図 5.2-1 解析に用いたメッシュ図 
Fig.5.2-1 The mesh used for analyses. 
図 5.2-2   解析に用いた材料特性 
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13   fd DD   25.0 fD          (5.2-8) 
13   fd DD   25.0 fD           
朝田の実験式Ⅱ 























軸方向ひずみを x，周方向ひずみを y，せん断ひずみを xy
とする．図 5.2-3 に示すように角度  については軸方向ひず
み xの方向を 0°としその方向から時計回りを正にとる．ま
た角度  の取り得る範囲は 0°≦  ≦180°となる． 
   









    1800         (5.2-10) 
( ) ( )fD          (5.2-11) 
(5.2 4)( ) ( )f dD   
       (5.2-12) 
  max ( )d dD D        (5.2-13) 
式(5.2-10)により，それらのひずみを角度  の関数として出
力する．次に，角度  を固定しひずみ履歴を再出力し，それ
ぞれの角度でひずみ範囲   (  )と累積ひずみ量 f (  )を計算
する．算出方法は単軸ひずみの場合と同様である．
次に式(5.2-2)，(5.2-3)，（5.2-7）により   (  )から Df (  )を




図 5.2-3      局所座標系 
Fig.5.2-3 Local coordinate system. 
図 5.2-4 Ｆ値と角度の関係 







































図 5.2-5      Ｆ値とサイクル数の関係（87°） 
Fig.5.2-5 Relationship between F value and cycle. 
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ELBM_01 について考察する．このモデルは ELBO_02 と
非常に似たような傾向を示している．破損位置を相当塑性ひ
ずみ分布の最大値として出力することはできなかった．
 最後に，図 5.2-10 の実験と解析の寿命比較のグラフおよ
び表 5.2-1の破損までの回数を考察する．図 5.2-10は縦軸が
解析での破損までのサイクル数，横軸が実験の破損までのサ








































(a) Disp.-Reaction force curve(Experiment)     (b) Disp.-Reaction force curve(Simulation) 
 
 
      
 
(c) Experimental result                     (d) Deformation (×3) 
 
   
 
(e) Distribution of eq. strain at inner surface      (f) Distribution of eq. strain at outer surface 
 
図 5.2-6  ELB01の実験と解析の比較 
Fig.5.2-6 Comparison between experiment and analysis at ELB01. 
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(a) Disp.-Reaction force curve(Experiment)      (b) Disp.-Reaction force curve(Simulation) 
 
      
 
(c) Experimental result                         (d) Deformation (×3) 
 
   
 
(e) Distribution of eq. strain at inner surface      (f) Distribution of eq. strain at outer surface 
 
図 5.2-7  ELB02の実験と解析の比較 
Fig.5.2-7 Comparison between experiment and analysis at ELB02. 
地震荷重を受ける減肉配管の破壊過程解明に関する研究報告書－中村ほか 


































(a) Disp.-Reaction force curve(Experiment)      (b) Disp.-Reaction force curve(Simulation) 
 
     
 




(e) Distribution of eq. strain at inner surface      (f) Distribution of eq. strain at outer surface 
 
図 5.2-8  ELBO_02の実験と解析の比較 
Fig.5.2-8 Comparison between experiment and analysis at ELBO_02. 
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(a) Disp.-Reaction force curve(Experiment)      (b) Disp.-Reaction force curve(Simulation) 
 
      
 
(c) Experimental result                      (d) Deformation (×3) 
 
   
 
(e) Distribution of eq. strain at inner surface      (f) Distribution of eq. strain at outer surface 
 
図 5.2-9  ELBM_01の実験と解析の比較 
Fig.5.2-9 Comparison between experiment and analysis at ELBM_01. 
地震荷重を受ける減肉配管の破壊過程解明に関する研究報告書－中村ほか 
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図 5.2-10  疲労寿命の比較 
Fig.5.2-10 Comparison of fatigue lives.
表 5.2-1   破損までの繰り返し数 
Table5.2-1 Cycle number until leak. 
 
 N-exp N-F N-Df 
ElbowB01 179 206 453 
ElbowB02 264 56 131 
ElbowBO_02 40 12 47 
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ボ 1，エルボ 2，エルボ 3とする．配管は高温配管用炭素鋼
管STPT370 100A Sch80（JIS規格）を使用した．外径 114.3mm，













ヤング率 E = 203GPa 
ポアソン比    0.3 
降伏応力   y =35.3MPa 











点数は 2,000，要素数は 2,000である．材料特性は， 
ヤング率 E = 203GPa 
ポアソン比    0.3 
降伏応力   y =424MPa 















(c) Elbow1 : In-plane and Out-of-plane 
 
図 5.3-1     配管系試験体の概要 
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表 5.3-1       解析検討を行う試験体条件 
Table5.3-1 Model configuration and wall thinning condition for 
analytical investigation. 
 
Name Type Elbow1 Elbow2 Elbow3 
3D_A01 0 Sound Sound Sound 
3D_C01 0 Thinning Thinning Sound 
3D_C02 0 Thinning Sound Sound 
3D_C03 0 Sound Thinning Sound 
3D_A11 1 Sound Sound Sound 
3D_C11 1 Thinning Thinning Sound 
3D_C12 1 Thinning Sound Sound 
3D_C13 1 Sound Thinning Sound 
3D_A21 2 Sound Sound Sound 
3D_C21 2 Thinning Thinning Sound 
3D_C22 2 Thinning Sound Sound 
3D_C23 2 Sound Thinning Sound 
Type 0…Elbow1：In-plane      (Fig. 5.3-1(a)) 
Type 1…Elbow1：Out-of-plane  (Fig. 5.3-1(b)) 





















図 5.2-3    レーリー減衰 












図 5.2-2 応力-ひずみ線図 (STPT370) 
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(e)  The histogram of elbow opening-closing disp. (Elbow2) 
図 5.3-4  動解析結果 (3D_C02) 
Fig.5.3-4 The result of dynamic analysis (3D_C02). 
 
(a) Deformation (×5) 
 
 
(b) Distribution of eq. strain at outer surface 
 
 
(c) Distribution of eq. strain at inner surface 
 
図 5.3-5  静解析結果 (3D_C02, Elbow1) 
Fig.5.3-5 The result of static analyses (3D_C02, Elbow1). 
 
 
図 5.3-6     破損箇所 (3D_C02, Elbow1) 
Fig.5.3-6 Damaged area (3D_C02, Elbow1). 
地震荷重を受ける減肉配管の破壊過程解明に関する研究報告書－中村ほか 


























































































(f) Time history of translational disp. of Elbow1 to the shaking 
direction  
図 5.3-7  動解析結果 (3D_C12) 
Fig.5.3-7 The result of dynamic analysis (3D_C12). 
 
(a) Deformation (×5) 
 
 
(b) Distribution of eq. strain at outer surface 
 
 
(c) Distribution of eq. strain at inner surface 
 
図 5.3-8      静解析結果 (3D_C12, Elbow1) 
Fig.5.3-8 The result of static analyses (3D_C12, Elbow1). 
 
 
図 5.3-9     破損箇所 (3D_C12，Elbow1) 
Fig.5.3-9 Damaged area (3D_C12, Elbow1). 
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 ここでは破損箇所について検討する．図 5.3-5 と図 5.3-6





































図 5.3-11 各試験ケースによる F値 
Fig.5.3-11 F value for each case. 
図 5.3-10     破壊までの加振回数の比較 















■ F by once excitation 













表 5.3-2    実験と解析における破損箇所の比較 
Table5.3-2   Comparison of damaged areas between 
 experiments and analyses. 
  Elbow 1 Elbow 2 
3D_A01 ●○   
3D_A11   ● 
3D_A21 ●   
3D_C01 ●○   
3D_C11 ●   
3D_C21   ● 
3D_C02 ●○   
3D_C12 ●○   
3D_C22 ●○   
3D_C03   ●○ 
3D_C13   ● 
3D_C23   ● 
● ：Simulation ○：Experiment 
  Sound 
  Wall thinning 
 
地震荷重を受ける減肉配管の破壊過程解明に関する研究報告書－中村ほか 






















図 5.3-12  溶接余盛を考慮したエルボ部のモデル 
Fig.5.3-12 Elbow part modeled in consideration of welding. 
7mm 
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(a) Deformation (×5) 
 
 
(b) Distribution of eq. strain at outer surface 
 
 
(c) Distribution of eq. strain at inner surface 
 
図 5.3-13  静解析結果 (3D_C12, Elbow1) 




(a) Deformation (×5) 
 
 
(b) Distribution of eq. strain at outer surface 
 
 
(c) Distribution of eq. strain at inner surface 
 
図 5.3-14      静解析結果 (3D_C22, Elbow1) 
Fig.5.3-14 The result of static analyses (3D_C22, Elbow1). 
図 5.3-15    各条件における最大値－最小値の誤差率 
Fig.5.3-15   Error ratio of difference between maximum and 
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(2) Mzの算出
1) 各計測点位置におけるせん断ひずみを以下の手順で求
める．材軸方向の座標軸を z，周方向を  とする．表
面ひずみで，z-  の座標軸から角度  回転した座標軸
を z'- 'とする．z'- '軸のひずみは，
となる． =45°とすると，
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2) 上記の計算で求められたせん断ひずみ z を使用すると，
z軸周りのねじりモーメントMzは，
(A4.7)2z R A H        
(A4.8)
2(1 )z p z p z















































している．それぞれのひずみを  A， H， R，計算される軸方
















Fig.A4-1  Strain measurement section and local coordinate system.
図 A4-2　各計測点のせん断ひずみと平均
Fig.A4-2     Shearing strain at each measurement points and average






Fig.A5-1      Fatigue failure at a flank of the elbow (ELB01, the penetration test result).
(a) ELB02 (b) ELBO_02 (c) ELBM_01
図 A5-2　ラチェット変形を伴う局所座屈の発生およびき裂貫通
Fig.A5-2    Fatigue and buckling failure accompanied with ratchet deformation.
図 A5-3　ラチェット変形部分の周方向き裂
        （ELB04，浸透探傷試験結果）
Fig.A5-3   Fatigue cracks in circumferential direction at ratchet
     deformation (ELB04, the penetration test result).
図 A5-4　入手した実在減肉配管
Fig.A5-4    Obtained pipes with wall thinning produced by the actual
     corrosive environment.
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(a) Outer surface (b) Inner surface
図A5-5　配管 B（50A）の外観および内面状態
Fig.A5-5  Outer and inner surface of Pipe B (50A).
(a) Outer surface                                                           (b) Inner surface
図A5-6　配管 E（200A）の外観および内面状態
Fig.A5-6   Outer and inner surface of Pipe E (200A).
図A5-7　配管 Bの超音波板厚計測結果
Fig.A5-7   Wall thickness of Pipe B measured by ultrasonic meter.
図 A5-8　配管 Eの超音波板厚計測結果













































































































































(a) AEC_01 (b) MEC_01
図 A5-9　実在減肉配管および模擬減肉配管の破損状況
Fig.A5-9    Failure modes of the actual and modified wall thinning specimens.
図A5-10　3D_A11 エルボ 2浸透探傷試験結果
Fig.A5-10  Penetration test result of Elbow2, 3D_A11.
図A5-11　3D_C12 エルボ 1溶接部近傍に生じた未貫通き裂（1850Gal 1回目加振後）
Fig.A5-11  Surface crack beside the weld line of Elbow1, 3D_C12 (after 1850Gal_#01).
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図A5-12　3D_C12の損傷状況
Fig.A5-12  Failure mode of 3D_C12.
図A5-13  3D_C22 エルボ 1溶接部近傍に生じた未貫通き裂（1400Gal 2回目加振後）
Fig.A5-13  Surface crack beside the weld line of Elbow1, 3D_C22 (after 1400Gal_#02).
図A5-14　3D_C22の損傷状況
Fig.A5-14   Failure mode of 3D_C22.
